The natural history of EBV and CMV reactivation and the potential for serious complications following antibody-based immunosuppressive treatment for bone marrow failure syndromes in the absence of transplantation is not known. We monitored blood for EBV and CMV reactivation by polymerase chain reaction (PCR) weekly in 78 consecutive patients (total of 99 immunosuppressive courses) with aplastic anemia. Four regimens were studied: (1) HC, horse ATG/cyclosporine; (2) HCS, horse ATG/CsA/sirolimus; (3) RC, rabbit ATG/CsA; and (4) CP, alemtuzumab. There were no cases of EBV or CMV disease, but EBV reactivation occurred in 82 (87%) of 94 and CMV reactivation in 19 (33%) of 57 seropositive patients after starting immunosuppression. The median peak EBV copies were higher in the RC group when compared with HC, HCS, and alemtuzumab (P < .001). The median duration of PCR positivity for EBV was higher in the RC group compared with HC, HCS, and alemtuzumab (P ‫؍‬ .001). 
Introduction
After primary infection, which usually occurs in childhood, Epstein-Barr virus (EBV) and cytomegalovirus (CMV) remain latent, EBV in B cells and CMV in monocytes, bone marrow, and other tissues. [1] [2] [3] [4] Infected persons develop lifelong humoral and cellular immunity to the viruses, but reactivation is only prevented in healthy persons through immunosurveillance by virus-specific CD8 ϩ cytotoxic T lymphocytes and virus specific CD4 ϩ T cells. 5, 6 When the cellular immune response is compromised by human immunodeficiency virus, or in patients receiving immunosuppressive therapies following solid-organ or hematopoietic stem cell transplantation (HSCT), both CMV and EBV can reactivate and cause clinical disease. Certain immunosuppressive agents, such as the monoclonal antibody to CD3, antithymocyte globulin (ATG), and alemtuzumab used in transplantation, are also associated with an elevated incidence of CMV and/or EBV reactivation and disease. [7] [8] [9] Major complications from EBV and CMV reactivation can usually be avoided by regular monitoring of viral DNA or viral antigen, but these assays are so sensitive that they detect levels of viral reactivation below the threshold of clinical significance. Because it is common practice to promptly treat CMV or EBV reactivation in HSC transplant or organ transplant recipients, the natural history of EBV and CMV reactivation after immunosuppressive treatment is not known. Indeed, therapeutic immunosuppression outside the context of allogeneic stem cell or organ transplantation is only rarely complicated by CMV or EBV disease. [10] [11] [12] [13] For example, we have treated more than 1000 patients with severe aplastic anemia (SAA) with immunosuppressive regimens without encountering CMV disease and with only a single instance of EBV-induced lymphoproliferative disorder (genetic testing for X-linked lymphoproliferative disease in this case was negative). This latter event stimulated us to systematically search for EBV and CMV reactivation following several immunosuppressive regimens currently in use to treat SAA to better understand the dynamics of viral load increases. Here, we report that distinct patterns of reactivation in patients with SAA receiving various immunosuppressive regimens are common but without clinical consequence or need for treatment.
Immunosuppressive regimens
Treatment-naive patients with SAA were randomly assigned to receive horse ATG/cyclosporine (HC) or horse ATG/cyclosporine/sirolimus (HCS). Intravenous horse ATG (ATGAM; Pharmacia & Upjohn Company, Kalamazoo, MI) was administered at a dose of 40 mg/kg daily for 4 days. Serum sickness prophylaxis with oral prednisone 1 mg/(kg ⅐ d) was given prior to the first dose of horse ATG and continued for 10 days and then tapered over the subsequent 7 days. Cyclosporine 10 mg/(kg ⅐ d) by mouth [15 mg/ (kg ⅐ d) for children Ͻ 12 years] in divided doses every 12 hours was started on day 1 and continued for at least 6 months. Dosing was adjusted to maintain cyclosporine levels between 200 and 400 ng/mL. Oral sirolimus 2 mg/d in adults and 1 mg/(m 2 ⅐ d) in children (Ͻ 40 kg) was given on day 1 of ATG and continued for 6 months; dose was adjusted to maintain serum levels between 5 and 15 ng/mL.
In patients who had no response to horse ATG, a second course of treatment was administered after random assignment between rabbit ATG/cyclosporine (RC) or alemtuzumab (Campath; CP). Rabbit ATG (Thymoglobulin) was given at a dose of 3.5 mg/(kg ⅐ d) for 5 consecutive days. Serum sickness prophylaxis and cyclosporine (for 6 months) was administered as described for horse ATG. After a test dose of 1 mg and premedication with oral diphenhydramine and acetaminophen, alemtuzumab was given by 2-hour intravenous infusion of 10 mg/d for 10 days. As prophylaxis for Pneumocystis carinii pneumonia all patients received aerosolized pentamidine for at least 6 months. Daily valacyclovir at a dose of 500 mg daily for at least 8 weeks was given for herpes simplex virus prophylaxis in the HCS and alemtuzumab recipients. A third course of immunosuppression was administered to patients with persistent pancytopenia and not suitable for HSCT. Three patients with relapsed SAA were treated with alemtuzumab with the same regimen as the refractory patients.
EBV and CMV monitoring
EBV and CMV molecular monitoring was performed at baseline, weekly for the first month after each treatment course, every 2 weeks in the second month, and monthly thereafter for another 6 months. More frequent testing was done at the discretion of the treating physician. EBV and CMV quantitative real-time polymerase chain reaction (Q-PCR) were done as previously described. 15, 16 Briefly, blood samples were collected in EDTAtreated tubes and the NucliSens kit reagents (bioMérieux, Durham, NC) were used according to the manufacturer's recommendations to extract total nucleic acid from the whole-blood (for CMV) and peripheral blood mononuclear cells (for EBV). To verify that impurities that might contribute to PCR inhibition were completely removed during the extraction procedure, an internal control that was amplifiable by the CMV and EBV primers were constructed. DNA was quantified using the LightCycler system (Roche Molecular Biochemicals, Indianapolis, IN). For CMV Q-PCR, positive and negative controls were included with each batch of patient specimens extracted. A plasmid that contained the amplification site was generated by cloning the target region, located on the CMV glycoprotein-B gene, into the pCR2.1 vector (Invitrogen, Carlsbad, CA). In each experiment, duplicates of the standards (5000, 500, 50, and 5 copies/reaction) were included to generate a standard curve for the quantification of positive patient samples. For EBV, amplichek EBV viral DNA control (Advanced Biotechnologies, Columbia, MD) was used as a quantitative reference standard. To determine the number of human cellular equivalents tested for the presence of EBV, another aliquot of patient DNA samples was also subjected to real-time PCR analysis for the human ␤-globin gene. The EBV viral load was expressed per 10 6 mononuclear cell genome equivalents and CMV load as copies per milliliter of blood.
A positive PCR was defined as more than 250 EBV copies/10 6 mononuclear cells genome equivalents (MNCs) or more than 250 CMV copies/mL blood. The duration of PCR positivity was defined as the time from the initial EBV reactivation to the first negative PCR.
Statistical analysis
Summary statistics, such as proportions, means, standard deviations, 95% confidence intervals, medians, and ranges, were used to describe the related variables. Log transformation of peak EBV copies were taken to be the log 10 transformation whenever the peak EBV copies were positive, and set to zero when there was no EBV reactivation. The same log transformation was also applied to peak CMV copies. Multiple regression models were used to evaluate the relationship between duration of positive EBV reactivation and log peak EBV copies. Statistical tests based on t tests, chi square tests, likelihood ratio tests, and analysis of variance F tests were used to evaluate the statistical significance of treatment groups and the effects of covariates in multiple regression models. All numerical results were computed using Splus 6 (Insightful Corp, Seattle, WA) for Windows statistical software.
Results
Seventy-eight patients aged 4 to 79 years received a total of 99 courses of immunosuppression. At least 6 viral load measurements following treatment in a 6-month period were required for a patient to be considered evaluable for viral analysis. In one patient EBV serostatus was not determined prior to therapy. Overall, 34 patients were treated with HC, 25 with HCS, 14 with RC, and 26 with alemtuzumab. Seventy-six patients (97%) were seropositive for antibodies to EBV and 57 (73%) were seropositive for CMV prior to immunosuppressive therapy. No patient developed clinical disease from primary infection or reactivation of EBV or CMV, and no treatment for either virus was instituted. Among seropositive patients, EBV and CMV reactivations were frequent and varied in intensity and duration, according to the immunosuppressive regimen.
EBV reactivations
EBV reactivation occurred in 82 (87%) of 94 courses in seropositive patients. All EBV seropositive patients in the RC arm reactivated. The peak level of EBV reactivation usually occurred within the first 3 weeks of treatment, with the exception of HCS recipients, in whom peak EBV reactivation occurred beyond 3 weeks in approximately half the patients. Among patients who reactivated EBV, the median peak EBV copies was higher in the RC group when compared with the HC, HCS, and alemtuzumab groups (P Ͻ .001); and the median duration of PCR positivity for EBV was higher in the RC group compared with the HC, HCS, and alemtuzumab groups (P ϭ .001) ( Table 1) .
More than half of the initial EBV reactivations in the HC, HCS, and CP arms were at levels less than or equal to 10 4 copies/10 6 MNCs but were higher in the RC arm (Ͼ 10 5 copies) ( Table 2 ). EBV reactivation generally followed 4 distinct patterns. Illustrative examples of each are shown in Figure 1A -D. In some patients, after an initial reactivation peak in the first 3 weeks, EBV PCR positivity usually decreased over 1 to 2 weeks ( Figure 1A) ; in other cases the highest EBV PCR positivity was observed later in the course of immunosuppression ( Figure 1B ). Successive increase in EBV viral load often followed and in other cases, the EBV PCR remained positive for many months with a steady decline after initial reactivation or with fluctuating levels of viral loads (despite steady levels of CsA and sirolimus [ Figure 1C] ). Within the therapeutic range, a correlation between drug levels and viral load was not observed. In 10 patients (2 in the HC, 5 in the HCS, and 3 in the RC arm), the EBV PCR remained positive for 5 to 6 months following ATG ( Figure 1D ). Patients with the highest EBV copy numbers were more likely to have persistent PCR-positivity (Figure 2) . During a period of more than 4700 days of EBV PCR positivity during this study, there were no cases of symptomatic EBV.
CMV reactivations
CMV reactivations occurred in 19 (33%) of 57 courses in seropositive patients. The incidence of CMV reactivations in each treatment group is shown in Table 3 . Four patients did not reactivate following the initial course of immunosuppression but then reactivated CMV when re-treated with RC or alemtuzumab. One developed the highest CMV viral load of the cohort (268 000 CMV copies /mL) on day 34 following alemtuzumab ( Figure 1E) ; CMV antigenemia at this time showed more than 100 cells positive per 400 000 cells. CMV copy numbers decreased to 550 in the following week and then to zero without treatment. CMV reactivations usually occurred in tandem with EBV; however, in some cases, the CMV peaked 1 month after the EBV peak as was observed in the HC arm (Tables 1 and 2 ). Although there were more than 700 days of documented CMV PCR positivity (Ͼ 250 CMV copies/mL blood) in patients in this study, none developed CMV disease.
Discussion
Immunosuppression with ATG and CsA is the standard initial treatment in patients with SAA who are not suitable candidates for HSCT. 17 Patients with SAA almost never develop clinical complications from EBV or CMV reactivation with immunosuppressive regimens. For these reasons, and because antiviral chemotherapy can itself cause morbidity, including cytopenia, we considered it justifiable to monitor patients with SAA receiving immunosuppression for viral reactivation without intervening with antiviral therapy. We therefore had the opportunity to study the natural evolution of CMV and EBV reactivation under 4 immunosuppression protocols.
SAA is most often a T-cell-mediated organ-specific destruction of the hematopoietic stem cell compartment. 18 Aside from infectious complications resulting from neutropenia, patients with aplastic anemia generally do not have cellular or humoral immunodeficiency and do not have an increased susceptibility to viral infections; with susceptibility to virus being related only to immunosuppressive therapy. Immunoglobulin levels and antibody titers to common viral antigens are typically normal, and some patients are anergic to a panel of common antigens, but lymphocyte proliferation in tissue culture is normal. 19, 20 Clinical and laboratorial associations have been made between EBV and aplastic anemia when it occurs following a mononucleosis-like syndrome 21, 22 or when there is evidence of EBV infection in the bone marrow cells. 23 The association between CMV and aplastic anemia is weaker and is based on short reports of CMV-infected marrow cells in patients with aplastic anemia. 24 Both EBV and CMV have been implicated in the pathogenesis of certain cases of aplastic anemia, but the vast majority of cases are idiopathic, with no prodrome or other evidence of a viral infection which precedes the onset of pancytopenia. Although the objective of this study was not to establish the causality of EBV infection and SAA, we did notice that 14 (18%) of 78 patients had EBV DNA positivity in the peripheral blood prior to receiving a first course of immunosuppression (range, 260-7700 copies/10 6 MNCs; median, 775 copies). Five patients with myelodysplasia (not included in the analysis) who were treated with alemtuzumab at our institution were monitored for viral reactivation. One patient reactivated CMV and 3 reactivated EBV with no clinical consequence. Thus, viral reactivation observed in our patients was most likely related to the treatment and not to the underlying disease, as is supported by the temporal relationship between immunosuppressive treatment and viral reactivation. Furthermore, our patients had not received other treatments liable to cause immune suppression prior to entry into our research studies.
EBV viral loads were higher in patients receiving rabbit ATG compared with horse ATG, suggesting that rabbit ATG was more immunosuppressive than horse ATG. Indeed, lymphopenia was more prolonged with rabbit ATG compared with horse ATG in our study (Figure 3) . Also, rabbit ATG has been reported to be more effective than horse ATG in preventing and reversing acute renal allograft rejection 25, 26 as well as being associated with a higher incidence of post-transplantation lymphoproliferative disease (PTLD) after HSCT. 27, 28 The enhanced clinical efficacy of rabbit (21) 12 (12) Greater than 250-10 3 3 (9) 7 (29) 0 (0) 1 (4) 12 (12) Greater than 10 3 -10 4 18 (55) 7 (29) 1 (8) 9 (36) 36 (37) Greater than 10 4 -10 5 7 (21) 6 (18) 4 (31) 6 (21) 23 (23) Greater than 10 5 1 (3) 2 (8) 8 (62) 3 (12) 15 (15) HC indicates horse ATG/CsA; HCS, horse ATG/CsA/sirolimus; RC, rabbit ATG/CsA; CP, alemtuzumab; MNCs, mononuclear cells genome equivalents. For personal use only. on April 28, 2017 . by guest www.bloodjournal.org From ATG may be explained by higher affinity IgG subtype to human lymphocytes, less batch-to-batch variability, longer half-life, and more efficient lymphocyte depletion. 29 We cannot exclude that the greater increase in EBV viral load following rabbit ATG is related to its administration as a second course of immunosuppression to refractory patients. Despite its ability to induce similar duration of lymphopenia, a similar increase in EBV viral load was not seen in patients receiving alemtuzumab (also as a second course of immunosuppression), probably because the anti-CD52 antibody also reduces the B cells which are the EBV reservoir. 30, 31 Of interest are 2 patients who experienced EBV reactivation following horse ATG but not after a second course of immunosuppression with alemtuzumab.
The degree and duration of EBV reactivation varied widely in our patients from no reactivation to DNA copy numbers in the region of 10 3 to 10 5 , levels which in other clinical contexts are associated with PTLD. 32 Although viral reactivations were selflimited in SAA, the same degree of reactivation often is preemptively treated following HSCT. 33, 34 The presence of a rising EBV viral load often precedes the onset of symptomatic EBV, and viral loads at the time of diagnosis of PTLD are usually very elevated. Because the temptation to intervene is high as a consequence of rising EBV viral loads following transplantation, few studies have monitored EBV viral loads prospectively with no interventions prior to the onset of PTLD. The risk of PTLD in the presence of an elevated EBV PCR after HSCT depends on the degree of CD8 ϩ T-lymphocyte recovery and may also be affected by genetic variation in chemokines, chemokine receptors, and cytokine expression affecting the immune response. 34, 35 Because the goal of determining which patients with rising viral loads will likely develop PTLD remains elusive, understanding the different effects of immunosuppressive agents on EBV and CMV may help clarify this important clinical distinction. Our data show that after the initial EBV peak, the viral load precipitously decreases in subsequent weeks; the dynamics of EBV and CMV reactivation varied according to the immunosuppressive regimen; fluctuations in viral load are not uncommon following initial reactivation; and high EBV viral load correlates with persistently elevated PCR positivity for a longer period of time during immunosuppressive treatment. The study of the virus-specific immune response (with tetramers and/or interferon-␥ secretion assays) during periods of reactivation in our cohort will be of value because no antivirals were instituted therapeutically with all reactivations being self-limited despite high levels of viremia. In particular patients who experienced frequent reactivations may assist in the understanding of loss of viral control.
CMV reactivations were less frequent than was EBV reactivations. After HSCT, ATG is not clearly associated with CMV reactivation and disease. In contrast, alemtuzumab used in HSCT and in the treatment of CLL has led to CMV reactivations and disease. 7, 36 The highest single CMV reactivation in our cohort was seen in a patient who received alemtuzumab. Notably, there was no reactivation of CMV in this patient during the earlier course of HCS. The patient remained asymptomatic during the CMV DNA positivity, and no treatment was instituted. Among the different ATG formulations, the RC arm often resulted in very high EBV viral loads but not in high CMV viral loads; conversely, antibody treatment with HC often resulted in a high CMV viral load and longer duration of PCR positivity for CMV but not EBV. Thus, other virus-specific factors may play a role in reactivation other than the pan-CD8 diminution that occurs following treatment with immunosuppressive agents or regimens.
Our findings highlight the existence of a subclinical level of DNA virus reactivation following immunosuppressive therapy outside the transplantation setting. The progression to clinical disease after EBV or CMV reactivation in transplant recipients therefore appears to correlate more with the inability to mount an effective immune response to the reactivating virus rather than to viral reactivation itself. Functional measures of viral-specific immunity may more accurately predict clinical disease than do simple quantitations of viral load. In a recent retrospective analysis, a higher incidence of PTLD was observed in patients undergoing umbilical cord cell transplantation who were conditioned with horse ATG-containing regimens. 37 Although the highest EBV viral loads in our cohort were following RC, a recently treated patient who received HC (not included in the present analysis) developed EBV copy numbers of 2 800 000/ 10 6 MNCs 1 month following immunosuppressive treatment; one of the highest observed to date in our cohort. The viral load decreased by 2 logs in the following 10 days to 28 000 copies; the patient is remaining asymptomatic. Nevertheless, since this analysis, a patient reached 7 400 000/10 6 MNCs EBV copies 1 month following treatment with RC (the highest EBV viral load in our cohort). Our findings justify the continued practice of treating SAA with ATG without routinely monitoring viral reactivation. However, caution and attention to monitoring viral reactivation is appropriate when introducing new and more potent immunosuppressive regimens into clinical practice, because the threshold to the development of disease from CMV or EBV reactivation is not well understood. 
